Abstract-Quantitative ultrasound (QUS) imaging techniques make use of information from backscattered echoes discarded in conventional B-mode imaging. Using scattering models and spectral fit methods, properties of tissue microstructure can be estimated. The variance of QUS estimates is usually reduced by processing data obtained from a region of interest (ROI) whose dimensions are larger than the resolution cell of B-mode imaging, which limits the spatial resolution of the technique. In this work, the use of full angular (i.e., 360
I. INTRODUCTION
The quantitative ultrasound (QUS) imaging technique based on ultrasonic backscatter has proven potential for tissue characterization. Experimental work in the literature includes explorations of ocular lesions [1] , prostate [2] , kidney [3] , and liver [4] , among others. If multiple scattering is neglected, backscattered spectrum measurements can be fitted to a parametric model that represents how a single scatterer radiates sound as a function of frequency. In practice, coherent scattering terms are also present in the measured spectra.
Therefore, the spectrum is not completely predicted by the single scatterer model and variations are introduced in the QUS estimates. The variance of the estimates can be reduced by averaging the spectra of adjacent, partially uncorrelated Alines at the expense of spatial resolution.
Coherent scattering is responsible for the speckle pattern common to ultrasound B-mode images. The speckle pattern created by a distribution of scatterers changes with its position relative to the ultrasonic transducer [5] . This fact has been exploited for several years to reduce speckle variance through the use of spatial compounding [6] . In this work, the use of angular compounding to increase the number of independent backscattered measurements for QUS estimation without degrading the spatial resolution was explored. Related studies can be found in the literature using the limited compounding capabilities that can be obtained with linear arrays [7] , [8] . The work presented here extends those results to deal with the case in which full angular coverage of the imaging target can be obtained, such as in breast imaging. Even further, this works explores how the variance reduction provided by compounding can be traded off for improving the spatial resolution of QUS images.
II. METHODS

A. Quantitative ultrasound (QUS) imaging
For completeness, the QUS estimation process is described here. The radio frequency (rf) data collected by ultrasonic transducers is usually processed for image formation by displaying B-mode images, i.e., grayscale images where the brightness of each pixel is proportional to the amplitude of the log compressed envelope of the ultrasonic echoes. QUS estimates are calculated from measurements of backscattering coefficients, which are also obtained from the rf data. Backscattering coefficients can be obtained at different depths per A-line by calculating the magnitude of the power spectrum of the rf data after proper gating with a windowing function. The length of the window defines the axial resolution of the QUS images. The same process is repeated for several adjacent scan lines and the resulting spectra are averaged together in order to reduce the coherent scattering component. The number of scan lines that are averaged determines the lateral resolution of QUS images. The box limited by the length of the range gate and the number of adjacent scan lines is termed the region of interest (ROI). In practice, minimum ROI dimensions of 15 pulse lengths axially and 4 beamwidths laterally have been suggested as a good compromise between spatial resolution and estimate accuracy [9] .
In order to remove the dependence on the imaging system properties, the backscattered spectrum is divided by a calibration spectrum. Neglecting attenuation, the normalized power spectrum S(f ) of the measured rf data can be expressed as [10] 
where S ξ (k) is the Fourier transform of the spatial autocorrelation function (ACF) describing the acoustic impedance of the underlying tissue microstructure, S D (k) is the Fourier transform of the ACF of the transducer beam's directivity function, and S G (k) is the Fourier transform of the AFC of the gating function in the axial direction. For weakly focused transducers and long gate lengths, the frequency variations of S(k) depend only on S ξ (k). Typically, scattering is assumed to be caused by an ensemble of radially symmetric structures such as fluid Gaussian or solid spheres [11] . Using these models, estimates of the average scatterer diameter (ASD) and the acoustic concentration are used to describe tissue microstructure.
B. Full angular compounding
Spatial compounding was designed as a tool for reducing the speckle and therefore improving the contrast in B-mode images. The principle of spatial compounding is that the speckle pattern changes with the relative position between the transducer and the scattering region. Therefore, if the same region is observed with a transducer at different positions and/or orientations, the envelopes of the received echoes can be averaged in order to reduce the variance of the resulting image. Most ultrasonic images are constructed using linear or phased arrays, which limits the amount of transducer position variation that can be obtained.
Full angular compounding capabilities, which can be obtained with acoustic tomography scanners, can also be used to improve on the quality of QUS images. The approach proposed here consists of obtaining rf data from each ROI at different illumination angles, as shown in Fig. 1 . With this approach, more rf measurements corresponding to the same region of space can be obtained without changing the size of the ROI. Therefore, the variance of the QUS estimates can be reduced without degrading the spatial resolution.
III. SIMULATION RESULTS Simulated data was generated using Gaussian scatterers (effective ASD = 50μm) distributed on a cylindrical region with a radius of 12.5 mm. A total of nine scatterers per resolution cell were randomly distributed in the simulated volume. The simulated f/4 transducer had a focal distance of 45 mm. The transmitted pulse had a Gaussian spectrum with 50% -6-dB bandwidth centered at 10 MHz. A least squares linear estimator applied to the compensated backscattered spectrum was used to obtain the value of the ASD for each ROI [12] . Estimates were obtained by using data simulated at N a = 1, 2, 4, ...128 angles of view uniformly distributed between 0 and 360
• . As expected, the use of multiple view data improved on the precision of ASD estimates as quantified by the reduction in the standard deviation. For most of the cases, doubling the number of views reduced the standard deviation close to a factor of √ 2. However, it can be noticed that the standard deviation did not significantly change between the N a = 1 and N a = 2 cases, and the N a = 64 and N a = 128 cases. The degree of correlation in the backscattered coefficient measurements was indirectly measured by quantifying the reduction in ASD standard deviation when combining data collected at two angles of view. The results are shown graphically on Fig. 2 when using the homogeneous phantom with 50 μm scatterers. The correlation length around 0
• was approximately 5
• . The correlation peak around 180
• occurred due to the symmetry of the transmitted pulse.
The advantages of variance reduction are clearer when inhomogeneous imaging targets are analyzed. A simulated phantom consisting of two cylindrical circular regions was also analyzed using QUS and compounding. The inner and outer cylinders had radii of 7 mm and 12.5 mm, respectively, and nine scatterers per resolution cell. The effective ASD in the outer and inner regions were 50 μm and 25 μm, respectively. A total of 64 angles of view were used in the estimation. When using ROIs of size 16λ by 16λ, the use of multiple view data reduced the ASD standard deviations in the outer and inner cylinders from 7.4 μm and 14.4 μm to 1.5 μm and 2.5 μm, respectively. When using ROIs of size 8λ by 8λ (as shown shown in Fig. 3 ), the use of multiple view data reduced the ASD standard deviations in the outer and inner cylinders from 13.7 μm and 19.6 μm to 2.5 μm and 3.7 μm, respectively.
IV. EXPERIMENTAL RESULTS
Experimental results were obtained using a 10 MHz, f/4 transducer focused at a depth of 2 inches. The phantom was a homogeneous 1 cm radius cylindrical phantom of 4% by weight agar with 2 grams per liter of 45 to 53 μm diameter glass beads. The attenuation coefficient was estimated to be 0.1 dB/cm/MHz. Rf data was collected between 0
• and 360
• in increments of 11.25
• for a total of 32 data sets. The estimation was performed using the -6-dB bandwidth of the transducer, the exact scattering model for a solid sphere [13] , and point attenuation compensation [11] . ASD estimates were obtained using ROI sizes of 3 mm by 3 mm (20λ by 20λ), and 1.5 mm by 1.5 mm (10λ by 10λ). The ASD statistics without compounding were calculated considering all 32 sets of QUS estimates corresponding to each incidence angle. Bmode images with a parametric image overlay representing the ASD estimates are shown in Figs. 4 and 5.
When using the larger ROI size, the ASD mean and standard deviation values were 53.8 μm and 10.4 μm without compounding, and 53.9 μm and 2.5 μm with compounding. The use of compounding resulted in a reduction in the standard deviation by a factor of 4.2, whereas an optimum factor of √ 32 was expected. This apparent limitation in standard deviation reduction can be due to the variation of the glass sphere diameters (49 +/-4 μm). When using the smaller ROI size, the ASD mean and standard deviation values were 62.4 μm and 24.6 μm without compounding, and 62.7 μm and 4.8 μm with compounding. The improvement factor in this case was 5.1, closer to the optimum value of √ 32. Furthermore, the standard deviation was smaller than the one obtained in the single view case using the larger 20λ by 20λ ROI size.
V. CONCLUSIONS
Both through simulations and experiments, the use of full angular compounding was found to significantly improve the trade off between spatial resolution in QUS imaging and precision of QUS estimates. These results suggest that QUS imaging can achieve optimal performance on a platform capable of producing views of an object from 360
• , e.g., a tomographic breast scanner. Fig. 3 . ASD estimates from a simulated phantom consisting of two cylindrical regions, using ROIs of size of 1.2 mm by 1.2 mm (8λ by 8λ). The ASD estimates were obtained using data from one (left) and 64 (right) angles of view. Fig. 4 . ASD estimates from experimental measurements of an agar phantom, using ROIs of size 3 mm by 3 mm (20λ by 20λ). The ASD estimates were obtained using data from one (left) and 32 (right) angles of view. Fig. 5 . ASD estimates from experimental measurements of an agar phantom, using ROIs of size 1.5 mm by 1.5 mm (10λ by 10λ). The ASD estimates were obtained using data from one (left) and 32 (right) angles of view.
